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ABSTRACT 


In  support  of  the  U.S.  Army’s  Lightening  the  Force  effort,  the  U.S.  Army  Materials 
Technology  Laboratory  (MTL)  is  conducting  prototype  development  of  artillery  system 
components.  The  use  of  advanced  materials  such  as  fiber  reinforced  composites  provides 
the  key  to  obtaining  considerable  weight  reductions  without  compromising  structural  integ¬ 
rity.  Composite  materials  offer  significant  strength-to-weight  ratios  as  well  as  unique 
tailorability  features  to  suit  the  needs  of  the  design  engineer.  Currently,  composite  appli¬ 
cations  to  the  M-102,  105  mm  Howitzer  system  are  in  progress.  This  report  discusses 
the  related  testing  activities  used  to  evaluate  the  present  composite  cradle  design. 
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INTRODUCTION 


The  U.S.  Army  Materials  Technology  Laboratory’s  (MTL)  major  thrust  in  the  M-102  How¬ 
itzer  effort  was  to  develop  a  composite  technology  demonstrator  of  the  aluminum  cradle,  as 
shown  in  Figure  la.  A  detailed  discussion  of  the  composite  cradle  design  is  given  in  Refer¬ 
ences  1  and  2.  The  cradle  serves  to  support  and  maintain  alignment  of  the  gun  barrel  during 
the  recoil  stroke,  as  well  as  provide  a  means  of  transferring  the  firing  loads  from  the  recoil 
mechanism  to  the  trunnions.  Firing  loads  are  transmitted  to  the  cradle  through  the  recoil 
rod,  as  shown  in  Figure  lb.  The  recoil  rod  pulls  against  the  front  endplate  which  in  turn  dis¬ 
tributes  a  compressive  force  over  the  cradle  cross  section.  The  cradle  component  was 
selected  because  it  provided  potential  weight  reductions  through  a  redesign  process  utilizing 
state-of-the-art  materials  and  engineering. 

STRUCTURAL  TESTING 

Evaluation  of  the  composite  cradle  design  during  the  preliminary  development  stage 
was  necessary  to  determine  its  structural  behavior  under  simulated  static,  and  dynamic  load¬ 
ing  conditions;  more  specifically,  initial  prototype  tests  were  restricted  to  simulated  recoil 
loads.  Secondary  loads  and  reactions  were  not  to  be  included  during  the  initial  evaluation. 
The  full  scale  prototype  is  shown  in  Figure  2  along  with  detailed  section  and  component 
views.  Manufacturing  issues,  however,  dictated  the  use  of  sublength  prototypes  for  the  ini¬ 
tial  evaluation.  Geometry  of  the  first  sublength  cradle  is  shown  in  Figure  3.  Longitudinal 
dimensions  were  reduced  to  roughly  one-third  of  the  full-scale  cradle.  Transverse  or  sec¬ 
tion  dimensions  remained  true  to  scale.  Possible  effects  associated  with  length  reduction 
were  investigated. 

The  first  prototype  was  manufactured  using  both  Fiberite  HYE  1048A1C/104"*  graphite/ 
epoxy  prepreg  tape  and  Hercules  AS-4™  graphite  fiber.  A  RohacellT"  foam  bulkhead  was 
provided  for  buckling  stability,  as  indicated  in  the  section  view  A-A  of  Figure  2.  Manufac¬ 
turing  processes  for  the  various  thin-walled  components  consisted  of  both  hand  layup  (chan¬ 
nels,  V-wall,  U-wall,  and  front  and  rear  endplates)  and  filament  winding  techniques  (tubes). 
Fiber  orientations  for  the  hand  layup  components  were  quasi-isotropic;  i.e.,  0°,  90°,  and  ± 
45°.  The  filament  winding  pattern  was  ±  15°,  ±  45°,  ±  15°,  90°,  and  90°.  All  compo¬ 
nents  were  adhesively  bonded  in  the  assembly  stage  using  FM97  epoxy  film  adhesive  pro¬ 
duced  by  American  Cyanamide1 2 * *".  The  compressive  modulus  of  the  quasi-isotropic  layup 
was  obtained  by  using  the  ASTM  D  3410-87  (Iitri  specimen)  test  procedure.  Several  com¬ 
pressive  stress-strain  curves  are  shown  in  Figure  4.  The  average  compressive  modulus  was 
5.4  x  106  psi.  Although  the  specimens  were  not  loaded  to  failure,  the  maximum  induced 
compressive  strain  was  0.78%  with  only  a  slight  deviation  from  linearity. 

Live  firing  tests  were  performed  on  the  existing  M-102  Howitzer  system  at  the  U.S. 

Armament  Research  Development  and  Engineering  Center  (ARDEC)  for  two  purposes: 


1.  GANDHI.  K.  R.,  CAVALLARO,  P.  V.,  and  OPLINGER,  D.  W.  Proceedings  from  Army  Symposium  on  Solid 
Mechanics,  Design,  Analysis  and  Testing  of  Composite  Components  for  the  M-102  Howitzer,  U.S.  Army  Materials 
Technology  Laboratory,  1986. 

2.  OPLINGER,  D.  W.,  GANDHI,  K.  R.,  and  CAVALLARO,  P.  V.  Proceedings  from  Composite  Materials  in  Armament 

Applications,  v.  I,  AMMRC's  Composite  Howitzer  Effort,  U.S.  Army  Materials  Technology  Laboratory;  also  presented 

at  Plastics  Technology  Evaluation  Center,  U.S.  Armament  Research  Development  and  Engineering  Center,  1985. 
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•  To  determine  the  maximum  recoil  rod  pull  force  (Pr)  sustained  by  the  aluminum 
cradle.  This  force  served  as  the  primary  loading  mechanism  in  the  design  and  test 
phases  of  the  composite  cradle. 

•  To  compare  the  measured  Pr  with  the  analytically  obtained  value  from  the  aluminum 
cradle  stress  analysis.3  Using  Zone  VII  ammunition  (maximum  charge)  with  the  short 
recoil  condition  at  a  70°  elevation  angle,  test  results  indicated  the  value  of  Pr  was 
24,000  lbs.  The  reported  value  of  Reference  3  was  30%  less  than  its  measured  coun¬ 
terpart.  A  summary  of  cradle  loads  and  reactions  from  Reference  3  is  shown  in 
Figure  5. 

The  purpose  of  the  sublength  cradle  testing  effort  was  twofold.  Experimental  verification 
of  the  current  prototype  design  was  required  to: 

•  Test  the  composite  cradle  to  prescribed  static  and  dynamic  recoil  loads  obtained  from 
Held  firing  tests. 

•  Determine  the  internal  strain  distributions  within  the  cradle  components  as  an  assembly. 

Attachments  such  as  elevation  bracket/plug  assemblies,  trunnion  plates,  and  bearing  strips 
were  not  incorporated  in  the  sublength  evaluations.  These  components  were  to  be  evaluated 
individually  and  then  incorporated  into  full-scale  prototype  cradle  for  further  evaluation.  A 
graphical  description  of  the  various  loading  configurations  and  brief  result  summary  are  pre¬ 
sented  in  Figure  6  for  each  test. 

Static  Test  #1 

Static  tests  were  aimed  at  applying  a  simulated  recoil  force  of  45,000  lbs.  (kips)  to  the 
cradle  in  the  axial  direction.  (Later,  during  fatigue  testing  the  maximum  applied  load  was 
reduced  to  24  kips  in  keeping  with  standard  design  philosophy  which  requires  survival  at  limit 
load  during  cyclic  loading.)  This  force  was  selected  since  it  was  the  critical  buckling  load1  of 
the  aluminum  cradle  and  it  maintained  a  necessary  margin  of  safety.  The  composite  cradle 
design  was  found  to  be  plate  buckling  sensitive  along  the  free  spans  of  the  U-wall’s  bottom 
edge  (refer  to  Figure  2)  rather  than  Euler  buckling  of  the  entire  cradle.  These  free  spans 
behave  as  thin,  narrow,  and  long  strips  under  compressive  loading  with  conservative,  simply 
supported  boundary  conditions.  As  the  length  parameter  increased  beyond  several  widths,  the 
effect  of  overall  length  ceased  to  influence  the  plate  buckling  load.4  Furthermore,  the  pres¬ 
ence  of  the  foam  bulkhead  ensured  a  higher  buckling  mode;  i.e.,  a  full  sine  wave  compared 
to  a  half  sine  wave  along  the  transverse  direction,  thus  raising  the  critical  plate  buckling  load. 
Therefore,  plate  buckling  loads  for  the  full  and  sublength  composite  cradles  were  equivalent. 

Loading  was  accomplished  by  compressing  the  cradle  between  the  platens  of  a  servo- 
hydraulic  60  kip  tension/compression  machine.  For  the  initial  test,  the  applied  load  was 
transferred  from  the  upper  machine  platen  to  the  cradle  by  way  of  a  1.25"  diameter  bolt  posi¬ 
tioned  in  the  recoil  rod  hole  of  the  graphite  endplate.  Loading  through  the  bolt  head  simu¬ 
lated  the  presence  of  the  actual  recoil  rod  nut  and  pulling  force,  Pr,  reacted  by  the  cradle 
during  firing.  Instrumentation  consisted  of  16  uniaxial  and  two  biaxial,  350  ohm  strain  gages 


3.  VEVLE.  M.A.  Stress  Analysis  for  the  Howitzer.  Light.  Towed  105  mm:  X M  102  Prototype  II  TN:9-63.  Rock  Island 
Arsenal  Research  and  Development  Division.  Design  Engineering  Branch.  Rock  Island.  IL. 

4.  JONES.  R.  M.  Mechanics  of  Composite  Materials.  Hemisphere  Corporation,  1975. 
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bonded  to  the  cradle  with  Eastman  910™  adhesive.  Fifteen  uniaxial  gages  were  located  in 
various  regions  where  potentially  high  compressive  and  buckling  strains  were  expected  to  exist. 
Two  biaxial  and  one  uniaxial  gage  were  bonded  to  the  top  surface  of  the  graphite  endplate 
to  measure  bending  strains.  A  strain  gage  location  map  is  shown  in  Figure  7.  All  strains 
were  monitored  using  the  MEG  AD  AC™  data  acquisition  system  at  thousand  pound  (1  kip) 
increments.  Loading  was  stopped  at  13.5  kips  when  the  adhesive  layer  between  the  graphite 
endplate  and  the  U-wail  (outer  skin)  partially  separated.  It  was  this  bond  that  secured  the 
endplate  to  the  cradle.  The  bond  failed  due  to  excessively  high  adhesive  peel  (transverse 
normal  tensile)  stresses  which  were  inherent  in  the  endplate  design.  As  a  result,  no  consider¬ 
able  amount  of  load  was  transferred  from  the  endplate  to  the  U-wall  which  then  resulted  in 
an  overloaded  condition  on  the  V-wall  (inner  skin).  The  strain  data  supported  this  conclu¬ 
sion.  The  peak  V-wall  strain  was  measured  at  gage  #7  with  a  value  of  1804  microstrains 
(KT6  inches/inch)  in  compression.  Strain  at  U-wall  gage  #18  was  essentially  zero.  It  should 
be  noted  that  the  in-plane  stiffnesses  of  the  U-wall  and  V-wall  were  equivalent  since  their 
thicknesses  and  fiber  orientations  were  the  same.  Out-of-plane  bending  deformation  of  the 
graphite  endplate  was  visually  observed  and  existed  due  to  inadequate  flexural  stiffness.  Fur¬ 
thermore,  lack  of  flexural  stiffness  resulted  in  debonding  of  the  tensile  side  graphite  bearing 
plate.  At  the  13.5  kip  load  level,  the  maximum  endplate  bending  strain  was  2460  microstrains 
in  tension.  This  peak  value  occurred  at  the  bottom  edge  of  the  endplate  at  gage  #5.  It 
should,  however,  be  noted  that  the  adhesive  layer  along  this  edge  was  maintained.  Referring 
again  to  Figure  2,  the  foam  bulkhead  provided  additional  bonding  area  which  locally  enhanced 
the  strength  of  the  adhesive  bond  layer. 

The  behavior  of  the  simplified  beam/spring  model  of  Figure  8  was  synonymous  with  that 
of  the  endplate.  Essentially,  the  endplate  acted  as  a  beam  supported  on  four  springs  of 
equal  stiffness.  Since  the  flexural  stiffness  of  the  endplate  (beam)  was  significantly  less  than 
the  in-plane  stiffness  of  the  U-wall  and  V-wall  (springs),  it  follows  that  the  bending  deflection 
at  the  center  of  the  endplate  was  greater  than  the  axial  displacement  of  the  cradle.  This  con¬ 
dition  forced  the  outer  edges  of  the  endplate  to  pull  away  from  the  cradle  and  stress  the 
adhesive  layer  in  tension  along  the  transverse  normal  direction. 

Data  inspection  revealed  a  significant  lack  of  correlation  in  strain  readings  between 
gages  located  symmetrically  with  respect  to  the  cradle  centerline.  This  lack  of  correlation 
was  directly  attributed  to  dimensional  variations  existing  within  the  cradle.  Inspection 
revealed,  for  example,  that  one  side  of  the  cradle  was  0.062"  longer  than  the  other. 

These  variations  were  a  result  of  out-of-tolerance  machining  and  possible  component  slip¬ 
page  during  the  assembly  cure  cycle.  Thermoelastic  expansion  of  the  aluminum  molds  at 
recommended  curing  temperatures  was  subsequently  discovered  to  have  forced  the  thin 
walled  components  out-of-tolerance.  Two  additional  cycles  were  performed  to  determine 
the  repeatability  of  the  previous  strain  readings. 

Static  Test  #2 

A  second  set  of  static  tests  was  performed  using  a  modified  front  endplate  configuration. 
First,  the  graphite  bearing  plates  were  removed  from  the  front  endplate.  An  aluminum 
6061-T6,  1"  thick  plate  was  then  positioned  on  the  top  surface  of  the  endplate  to  provide 
additional  bending  stiffness  and  to  eliminate  the  previous  endplate  deflections.  This  modifica¬ 
tion  was  not  intended  to  serve  as  a  design  solution  but  rather  as  a  means  of  showing  that  a 
more  uniform  load  distribution  could  be  obtained  with  a  stiffer  endplate.  Although  the  graph¬ 
ite  endplate  was  not  completely  bonded  to  the  cradle,  its  presence  prevented  the  aluminum 
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plate  from  crushing  (bearing  failure)  the  ends  of  the  thin  walled  components.  A  2"  diameter 
steel  ball  was  placed  in  the  recoil  rod  hole  of  the  aluminum  plate  to  reduce  the  effects  of  any 
loading  eccentricities  and  to  maintain  an  effective  point  load.  The  path  of  the  applied  load  was 
then  directed  through  the  center  of  the  ball.  During  the  second  test,  the  gages  were  monitored 
in  a  continuous  fashion,  unlike  the  incremental  basis  of  the  first  static  test.  The  cradle  sustained 
a  maximum  applied  load  of  45  kips  without  additonal  damage.  However,  a  significant  amount  of 
plastic  bending  deformation  was  observed  in  the  aluminum  plate.  Contact  between  the  length¬ 
wise  edge  of  the  aluminum  plate  and  the  U-wall  ceased  as  the  aluminum  plate  deflected.  Inspec¬ 
tion  of  the  strain  data  revealed  an  overloaded  condition  of  the  V-wall.  The  peak  V-wall  strain 
was  approximately  8000  microstrains  in  compression  at  gage  #7  while  the  adjacent  U-wall  strain 
at  gage  #18  was  100  microstrains  in  tension.  A  negligible  improvement  in  obtaining  symmetric 
strain  readings  was  realized  due  to  the  loading  distribution  effect  of  the  aluminum  plate.  It 
was  realistically  apparent  that  a  flat  endpiate  configuration  would  not  transfer  the  recoil  rod 
force,  Pr,  to  the  cradle  body  without  experiencing  flexural  deformation,  and  producing  trans¬ 
verse  normal  tensile  stresses  in  the  adjacent  adhesive  bond  layer. 

Static  Test  #3 

A  final  static  test  was  performed  to  verify  the  internal  strain  distribution  capability  of  the 
cradle  under  a  uniform  load.  The  recoil  rod  force,  Pr,  was  applied  to  the  entire  surface  of 
the  front  endpiate  as  a  uniformly  distributed  load  to  prevent  flexural  deflection.  This  type  of 
loading  is  commonly  referred  to  as  platen  loading.  Dimensional  variations  were  detected  over 
the  surface  of  the  front  endpiate.  The  endpiate  surface  was  subsequently  ground  flat  to  allevi¬ 
ate  any  parallelism  discrepancies  within  ±  0.020".  These  particular  variations  were  not  as  det¬ 
rimental  in  the  previous  concentrated  load  tests.  However,  such  variations  would  significantly 
effect  the  symmetry  of  strain  readings  in  the  platen  loaded  test.  Seventeen  new  uniaxial 
strain  gages  were  bonded  to  the  U-wall  and  V-wall  including  one  gage  centered  on  the  top 
flange  of  each  channel.  Previously  used  gages  were  damaged  during  the  machining  operation 
of  the  endpiate.  Furthermore,  since  cyclic  fatigue  loading  was  to  follow  after  completion  of 
the  static  tests,  the  new  gages  were  adhered  using  BLH  EPY-150™  epoxy.  This  particular 
epoxy  was  more  suitable  for  long-term  applications.  A  location  map  of  the  new  strain  gages 
is  shown  in  Figure  9.  The  cradle  was  then  successfully  platen  loaded  in  compression  to  40 
kips.  Inspection  of  the  strain  data  revealed  that  the  U-wall  and  V-wall  sustained  a  maximum 
compressive  strain  of  1350  microstrains  (gage  D)  and  1550  microstrains  (gage  C),  respectively. 
Although  the  V-wall  remained  subjected  to  a  15%  overload,  a  substantial  improvement  of 
strain  distribution  between  the  U-wall  and  V-wall  was  realized.  The  15%  overload  effect  exist¬ 
ing  in  the  vicinity  of  the  front  endpiate  reduced  along  the  length  of  the  cradle  toward  the 
opposite  end  primarily  because  of  load  sharing  mechanisms  between  components  other  than 
the  U-wall  and  V-wall;  i.e.,  channels,  tubes,  and  bulkhead.  Strain  versus  load  graphs  are 
shown  in  Figures  10  through  13.  Under  platen  loading  conditions,  the  U-wall  and 
V-wall  behaved  as  desired. 

Cyclic  Fatigue  Test 

Fatigue  loading  of  the  first  sublength  cradle  was  performed  to  determine  the  structural 
response  of  the  cradle  to  simulated  dynamic  firing  conditions.  The  applied  dynamic  force  was 
equivalent  to  the  maximum  firing  load  experienced  by  an  existing  M-102  Howitzer.  The  force 
versus  time  relationship  for  a  load  pulse  simulating  live  firing  is  shown  in  Figure  14.  A  total 
of  20,000  cycles  with  a  load  amplitude  of  25  kips  was  to  be  applied.  This  was  representative 
of  one  M-102  Howitzer  lifetime. 
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A  description  of  the  load  pulse  was  as  follows: 

The  25  kip  load  was  applied  within  30  milliseconds,  maintained  for  0.1  seconds 
and  then  released  within  30  milliseconds.  This  pattern  was  repeated  every  10 
seconds.  The  same  platen  loaded  configuration  was  employed  in  the  fatigue  test 
as  in  the  #3  static  test.  Testing  was  performed  using  an  MTS  100  kip,  servo- 
hydraulic  fatigue  machine,  as  shown  in  Figure  15.  The  strain  gages  used  in  the 
static  test  #3  were  monitored  with  the  MEGADAC™  system  for  the  fatigue 
case.  Metal  shims  were  positioned  between  the  upper  platen  and  the  graphite 
endplate  to  compensate  for  any  remaining  dimensional  variations.  The  cradle 
successfully  withstood  20,000  cycles  of  pulsed  platen  loading  without  any  incident 
of  failure.  Strain  values  of  symmetrical  gages  were  reasonably  consistent. 

Strains  throughout  the  cradle  were  below  900  microstrains  in  compression.  The 
peak  strain  response  for  a  particular  gage  is  plotted  in  Figure  16.  Axial  dis¬ 
placement  of  the  cradle  assembly  was  measured  to  be  0.025"  at  peak  load. 

Revised  Front  End  Design 

An  improved  front  end  design  was  developed  which  utilizes  the  in-plane  rather  than  flex¬ 
ural  stiffness  of  the  composite  material  and  is  shown  in  Figures  17  and  18.  The  design  con¬ 
sists  of  four  quasi-isotropic  graphite/epoxy  plates,  a  front  and  rear  bearing  plate,  and  two 
parallel  support  plates.  Load  transfer  from  the  front  bearing  plate  to  the  cradle  body  was 
optimized  by  loading  the  support  plates  in-plane.  An  additional  enhancement  included  the 
slotted  holes  located  adjacent  to  the  bottom  edge  of  each  support  plate.  The  function  of 
these  holes  is  to  force  the  load  distribution  between  the  support  plates  and  rear  bearing  plate 
to  occur  locally  over  the  regions  of  the  cradle  body  tubes. 

A  preliminary  static  compression  test  was  conducted  on  the  new  front  end  design  sepa¬ 
rately.  A  1.25"  diameter  boit  was  positioned  in  the  recoil  rod  hole  of  the  front  end  assembly 
to  simulate  the  presence  of  the  recoil  rod  nut,  as  shown  in  Figure  lb.  The  assembly  was 
loaded  between  the  platens  of  a  tension/compression  machine.  Loads  from  the  upper  platen 
were  transferred  through  the  bolt  head  to  the  front  end  assembly  and  reacted  by  the  lower 
platen.  Results  of  the  test  indicated  the  design  to  be  highly  successful.  An  ultimate  load  of 
59  kips  was  obtained  with  failure  induced  by  localized  ply  delaminations  along  the  bottom 
edges  of  the  support  plates,  as  shown  in  Figure  19.  The  mechanics  inducing  these  delamina¬ 
tions  were  directly  attributed  to  both  fiber  buckling  and  transverse  normal  tensile  stresses.  At 
a  load  level  of  54.7  kips,  the  maximum  in-plane  deflection  was  0.048".  Additional  tests  of  the 
new  front  end  component  will  be  conducted  on  future  prototype  cradles. 

Elevation  Bracket  Assembly 

The  full  scale  prototype  composite  cradle  design  includes  elevation  rod  attachment  points 
which  consist  of  the  bracket/plug  assemblies,  as  shown  in  Figure  2.  These  assemblies  are  used  to 
transfer  the  static  reactions  and  a  portion  of  the  dynamic  firing  loads  (see  Figure  5)  from  the  cra¬ 
dle  through  the  elevation  rods  and  ultimately  to  the  trails.  The  elevation  brackets  were  hand 
laid  up,  0.120"  thick  shells  fabricated  from  Owens  Coming™  0°/90°  woven  S-giass  prepreg. 
Machined  aluminum  6061-T6  plugs  were  bolted  to  the  outside  channel  web  surfaces  to  provide  a 
means  for  attaching  the  elevation  rods  to  the  cradle.  Three  flush  head,  grade  #8,  3/8"  diameter 
bolts  were  used  for  each  elevation  plug.  The  brackets  were  adhered  to  the  plugs  and  cradle  by 
using  FM97  epoxy  film  adhesive.  Specifically,  the  elevation  brackets  served  two  purposes: 
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•  The  elevation  brackets  were  designed  to  transfer  a  portion  of  the  loads  from  the 
upper  flanges  of  the  channels  and  cradle  side  walls  to  the  plugs.  The  remainder  of 
the  applied  loading  was  supported  by  the  3/8"  diameter  bolts  used  to  secure  the  plugs 
to  the  channel  webs.  This  eliminated  potential  overloading  effects  on  these  critical 
fasteners. 

•  The  design  maximized  the  use  of  available  bonding  area  between  the  brackets  and 
cradle  side  walls.  Several  1/4”  diameter  fasteners  were  also  installed  along  the  flange 
surfaces  of  the  brackets  to  minimize  adhesive  peel  stresses  in  critical  areas.  These 
fastener  locations  are  shown  in  Figure  2. 

Static  testing  of  the  elevation  bracket/plug  assemblies  was  performed  in  conjunction  with  a 
sublength  cradle.  The  maximum  working  load  on  a  per  bracket/plug  assembly  basis  was  deter¬ 
mined  by  actual  field  firing  tests  to  be  3300  lbs.  at  33°  (with  respect  to  the  recoil  rod  axis). 

A  factor  of  safety  of  2.0  was  imposed  on  these  attachments  thus  raising  the  design  load  to 
6600  lbs.  per  bracket/plug  assembly.  A  hydraulic  test  frame  consisting  of  one  20  kip  actuator 
and  a  Y-shaped  ram  was  used  to  load  both  elevation  bracket/plug  assemblies  simultaneously. 
The  sublength  cradle  incorporating  these  assemblies  was  successfully  loaded  to  the  maximum 
actuator  load,  20  kips,  without  any  indication  of  failure. 

Trunnion  Joint 

The  majority  of  the  recoil  load  is  reacted  by  two  trunnion  joints  located  at  the  rearward 
end  of  the  cradle  (see  Figure  2).  These  joints  are  used  to  attach  the  cradle  to  the  trails. 
Maximum  trunnion  reactions  were  measured  during  the  ARDEC  field  firing  tests.  The  magni¬ 
tude  of  these  reactions  was  12  kips  per  trunnion.  The  primary  loading  vector,  Pr,  was  deter¬ 
mined  to  be  parallel  and  collinear  with  the  outer  surfaces  of  the  channel  flanges.  This  was 
confirmed  by  strain  measurements  taken  during  the  ARDEC  live  firing  tests  and  applies  only 
for  the  section  of  the  cradle  located  beyond  the  elevation  brackets  toward  the  trunnion  end. 
Using  a  safety  factor  equal  to  1.5,  the  trunnion  joint  design  load  was  calculated  at  18  kips. 

The  composite  cradle  design  includes  machined,  S-glass  trunnion  doublers  bonded  and  fas¬ 
tened  to  each  side  of  the  cradle.  Loads  are  to  be  distributed  from  the  cradle  body  to  the 
two  trunnion  joints  resulting  in  a  double  shear  mode  loading  configuration.  However,  since 
the  load  path  is  eccentric  from  the  cradle  body  to  the  trunnions,  out-of-plane  bending 
moments  were  expected  to  exist  within  these  joints.  Consequently,  peel  stresses  would  also 
develop  along  the  vertical  edges  of  the  trunnion  doubler  bond  lines.  Tapering  of  these  edges 
for  purposes  of  alleviating  peel  stresses  was  not  practical  since  the  doublers  were  relatively 
thick.5  However,  the  trunnion  fasteners  served  two  purposes:  First,  the  existing  aluminum 
trunnion  brackets,  which  are  part  of  the  trails  and  not  the  cradle,  must  be  secured  in  position 
to  the  S-glass  doublers  with  mechanical  fasteners.  These  fasteners  allow  for  cradle  installation 
and  removal.  Secondly,  the  fasteners  reduce  the  eccentricity  effects  or,  more  specifically,  the 
peel  stress  on  the  adhesive  bond  layer  between  the  trunnion  doubler  and  cradle  body. 

Testing  of  the  sublength  composite  cradle  incorporating  a  proposed  trunnion  joint  design 
was  not  performed  during  this  evaluation.  Additional  analytical,  experimental,  and  design 
related  activities  were  necessary  to  determine  the  optimum  joint  geometry  and  load  transfer 
mechanisms.  Furthermore,  this  was  a  difficult  task  to  complete  without  empirical  test  data 


5.  DOD/NASA  Advanced  Composites  Design  Guide.  Air  Force  Wright  Aeronautical  Laboratories,  v  1-A.  Design. 
1st  Edition.  1983. 
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since  strength  of  materials  bolt  load  distribution  theories  apply  to  ductile  materials  only  and 
do  not  apply  to  the  brittle  composite  materials5  used  in  the  cradle.  However,  current  efforts 
investigated  the  response  of  a  generic,  mechanically  fastened,  and  adhesively  bonded  joint 
subject  to  an  eccentric  load.  The  generic  joint  which  incorporated  an  aluminum  loading 
plate,  S-glass  doubler,  and  graphite/epoxy  channel  specimen  was  designed  and  tested  to  quan¬ 
tify  the  distribution  of  applied  loads  to  individual  fasteners.  This  test  was  not  conducted  to 
simulate  a  prototype  trunnion  joint,  however,  but  rather  to  generate  empirical  load  versus 
strain  data  for  a  generic  configuration  consisting  of  the  same  material  system.  The  geometry 
of  this  test  specimen  is  described  in  Figure  20. 

Assembly  of  the  test  specimen  was  as  follows: 

Four  matching,  1/2"  diameter  countersunk  holes  were  simultaneously  drilled 
through  the  web  of  a  5.50”  long  graphite/epoxy  channel  section,  a  1.00"  thick 
0°/90°  woven  S-glass  doubler,  and  a  0.07"  thick  4340  steel  washer  plate.  A  suffi¬ 
cient  piece  of  FM97  film  adhesive  was  then  positioned  on  the  outer  web  surface 
of  the  channel  so  that  the  corresponding  bolt  hole  locations  could  be  cut  out. 

This  adhesive  layer  was  to  be  used  for  attaching  the  xhannel  to  the  doubler. 

After  the  manufacturer’s  recommended  surface  preparation  was  performed,  the 
film  adhesive  was  fitted  between  the  outer  channel  web  and  adjacent  doubler  sur¬ 
faces.  A  0.50"  thick  aluminum  6061-T6  plate,  four  1/2"  diameter  grade  #8  flush 
head  fasteners,  and  steel  washer  plate  were  then  installed.  The  washer  plate 
served  two  purposes:  (1)  it  represented  the  bearing  strips  used  in  the  channel 
section  of  the  aluminum  cradle,  and  (2)  it  would  prevent  potential  fastener  bear¬ 
ing  or  pull-through  failures  in  the  graphite/epoxy  channel.  The  test  specimen 
was  then  cured  according  to  manufacturer  specifications  upon  complete  assembly. 

Strain  gages  were  later  positioned  at  various  locations  to  measure  local  bypass 
and  extensional  strains. 

The  preliminary  trunnion  joint  test  specimen  was  loaded  using  an  electro-mechanical, 

50  kip  Instron™  test  machine.  The  single  shear  loading  diagram  (see  Figure  21)  shows 
the  aluminum  plate  secured  in  the  top  wedge  grip  and  the  bottom  surface  of  only  the 
graphite/epoxy  channel  reacting  on  the  lower  platen.  The  doubler  thickness  was  calculated 
to  ensure  that  the  amount  of  load  path  eccentricity  found  in  the  aluminum  cradle  was 
equivalent  to  that  of  the  generic  joint.  A  flat  piece  of  wood  was  positioned  between  the 
bottom  surface  of  the  channel  and  the  platen  to  provide  a  near  uniform  load  distribution 
over  the  channel  cross  section.  The  fasteners  were  torqued  to  1600  in./lbs.  Concern  was 
raised  regarding  possible  damage  to  the  Instron™  load  cells  due  to  the  eccentric  load  path 
existing  within  the  joint  specimen.  (Typically,  axial  load  cells  must  be  designed  to  with¬ 
stand  some  prescribed  amount  of  off-axis  loading;  however,  exceeding  this  amount  will 
cause  permanent  damage  to  the  load  cell.)  In  order  to  determine  such  eccentricity  and 
prevent  damage  to  the  load  cell  during  testing,  two  strain  gages  were  positioned  on  the 
faces  of  the  aluminum  plate,  as  shown  in  Figure  21.  These  gages  were  connected  to  X-Y 
recorders  for  real-time  monitoring.  Bending  strains  from  these  two  gages  would  be  used 
by  test  engineers  to  monitor  the  amount  of  eccentric  moment  reacted  through  the  load 
cell.  All  other  strain  gages  were  mounted  on  the  graphite/epoxy  channel  and  read  using 
the  OPTILOG™  data  acquisition  system. 
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The  first  series  of  loading  cycles  was  conducted  at  a  crosshead  speed  of  0.05"  per  minute. 
Four  compressive  load  cycles  with  peak  magnitudes  of  4  kips  were  applied.  All  gages  located  on 
the  channel  section  indicated  compressive  strains  under  300  microstrains.  There  were  no 
observable  bending  deformation  or  recorded  plastic  strains  in  the  gages  on  the  aluminum  plate. 

An  additional  cycle  was  applied  in  anticipation  of  loading  the  joint  to  failure. 

Strength  of  materials  calculations  estimated  the  load  required  to  yield  the  aluminum 
plate  to  be  approximately  3000  lbs.  The  test  was  terminated  at  5250  lbs.  when  visual 
inspection  of  the  aluminum  plate  revealed  the  presence  of  a  plastic  hinge  at  the  plate/grip 
interface.  At  5250  lbs.  all  channel  section  strain  gages  read  below  400  microstrains  in 
compression. 

The  0.50"  thick  aluminum  loading  plate  was  replaced  with  a  1.00”  thick  aluminum 
plate.  The  two-to-one  increase  in  plate  thickness  resulted  in  an  overall  bending  stiffness 
(E  x  I)  increase  of  eight-to-one.  A  final  load  cycle  was  applied  at  a  crosshead  speed  of 
0.20"  per  minute.  The  added  stiffness  allowed  the  test  specimen  to  be  loaded  successfully 
to  20  kips  without  any  incident  of  failure.  However,  the  maximum  eccentric  load  capacity 
of  the  Instron™  load  ceU  was  reached.  Extensional  and  bypass  strains  for  the  20  kip  cycle 
are  shown  in  Figure  21. 


CONCLUSIONS 

Initial  structural  evaluation  efforts  for  the  first  sublength  composite  M-102  cradle  body 
were  completed.  Loads  applied  during  the  cradle  body  tests  were  restricted  to  simulated 
recoil  type  loads.  Secondary  loads  and  reactions  were  not  included  in  the  current  effort. 

Static  tests  #1  and  #2  revealed  that  a  flat  endplate  design  was  incapable  of  (1)  uniformly  dis¬ 
tributing  a  recoil  load  to  the  cradle  body,  and  (2)  preventing  the  development  of  transverse 
normal  tensile  stresses  within  adjacent  adhesive  layers.  However,  the  idealized  platen  loading 
configuration  used  in  static  test  #3  demonstrated  axial  cradle  body  strains  in  the  order  0.15% 
at  a  peak  load  of  40  kips.  Furthermore,  because  the  axial  strains  were  relatively  low  in  com¬ 
parison  to  those  obtained  in  the  compression  coupon  tests,  additional  weight  reductions  will 
be  attainable.  Thickness  reductions  of  the  various  thin-walled  components  will  be  considered 
for  future  prototypes  once  an  effective  front  endplate  design  is  incorporated.  Static  test  #3 
exhibited  comparable  strains  at  symmetrically  located  gages  once  dimensional  variations  were 
reduced  along  the  front  endplate  surface.  The  maximum  variation  in  loading  between  the 
U-wall  and  V-wall  during  this  test  was  15%. 

The  fatigue  test,  employing  a  platen  loaded  configuration,  was  highly  successful.  The  sub¬ 
length  prototype  survived  20,000  cycles  of  simulated  firing  without  damage.  All  axial  strains 
measured  at  discrete  locations  were  below  900  microstrains  in  compression.  There  were  no 
indications  of  Euler  or  localized  plate  buckling  in  any  of  these  tests. 

Static  tests  #1  and  #2  revealed  several  problems  originating  from  the  cradle  manufactur¬ 
ing  processes.  Dimensional  stability  of  the  composite  cradle  was  not  maintained.  Inspection 
of  the  individual  components  and  the  assembled  cradle  body  revealed  that  dimensions  were 
out-of-tolerance  due  to  such  factors  as  (1)  improper  machining,  (2)  thermal  expansion  of  the 
aluminum  molds  at  manufacturer  specified  curing  temperatures,  and  (3)  residual  curing  stresses 
within  the  composite  materials.  These  factors  contributed  to  the  unsymmetrical  strain  distribu¬ 
tions  exhibited  during  testing. 
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A  revised  front  end  concept  was  developed  which  relied  upon  the  in-plane  rather  than 
flexural  stiffness  of  the  graphite/epoxy  material  to  transfer  the  recoil  load  from  the  recoil  rod 
to  the  cradle  body.  This  design  proved  highly  successful  during  individual  component  tests  by 
achieving  an  ultimate  load  of  59  kips.  Structural  responses  of  the  front  end  component  result¬ 
ing  from  the  platen  reacted  test  described  herein  and  future  cradle  body  reacted  tests  are 
expected  to  be  identical.  This  is  justified  because  the  localized  transfer  of  recoil  forces 
through  the  outer  regions  of  the  front  end  assembly  is  independent  of  the  supporting  founda¬ 
tion  stiffness.  In  light  of  the  45  kip  design  load  (factor  of  safety  included),  an  excessive 
strength  margin  of  31%  was  exhibited.  Therefore,  development  of  a  lighter  weight  front  end 
component  will  be  investigated  and  incorporated  in  future  prototype  cradle  tests. 

The  elevation  bracket/plug  design  was  completed  and  successfully  tested  without  failure 
to  loads  52%  greater  than  that  required.  Testing  ceased  once  the  applied  load  reached 
the  limits  of  the  hydraulic  actuator  system.  Load  sharing  between  the  adjacent  adhesive 
layers  prevented  overloading  of  the  mechanical  fasteners  used  to  secure  the  plugs  to  the 
channels  as  intended.  The  optimized  bracket/plug  assembly,  as  shown  in  Figure  17,  was 
developed  to  provide  weight  reductions  based  upon  the  52%  excessive  strength  margin. 
Design  revisions  include  a  hollowed  out  plug  and  shortened  bracket  component  and  will  be 
evaluated  in  future  prototypes.  Additional  weight  reductions  may  be  performed  once  the 
ultimate  strength  of  the  bracket/plug  assembly  is  determined  from  testing. 

A  preliminary  test  was  conducted  on  an  eccentrically  loaded,  mechanically  fastened 
graphite/epoxy  channel  to  determine  individual  fastener  loads  in  brittle  composite  materials. 
The  resulting  strain  data  will  assist  in  determining  the  optimum  bolt  pattern  for  use  in  the 
trunnion  joint  design.  In  all  likelihood,  the  trunnion  joint  would  include  an  adhesive  layer 
and  approximately  six  to  eight  mechanical  fasteners  installed  through  the  channel  and 
U-wall  skin,  as  shown  in  Figure  22.  The  loading  frame  of  Figure  22  will  be  used  for  struc¬ 
tural  evaluation  of  trunnion  joints  in  conjunction  with  both  sublength  and  full  scale  proto¬ 
type  cradles. 
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Figure  la  M-102  towed  Howitzer. 


Figure  1b.  Recoil  rod  reactions. 
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HI/HI 


TEST  TYPE 

LOADING 

RESULTS 

•1  Static 

Concentrated  load 
applied  to  graphite. 

Graphite  endplate 
debonded  from  cradle 
at  10%  required  load. 

#2  Static 

Concentrated  load 
applied  to  1"  thick 

A1  6061-T6  plate  on 
top  of  graphite 
endplate. 

Significant  plastic 
bending  deformation  of 
aluminum  plate.  Max 
load  =  45  kips  No 
damage  to  cradle. 

#3  Static 

Platen  loading 

Max  load  =  40  kips  No 
damage  evident. 

•4  Fatigue 

Platen  loading 

Cradle  withstood 

20,000  cycles  of 
simulated  firing. 

Max  load  *  25  kips. 

No  damage  evident. 

CRADLE 
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•  SPRINGS  REPRESENT  INNER  &  OUTER  WALL  EDGES  OF  CRADLE 
*HERE:  K  WALLS  >:>  E  x  1  BCPLATE 

Figure  8.  Beam/spring  endplate  model. 
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Figure  15.  Dynamic  fatigue  test  apparatus. 
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Figure  18.  Revised  front  end  design. 
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Figure  19,  Failure  mode  for  revised  front  end. 


Steel  bearing  strip 


Figure  20.  Preliminary  trunnion  joint  test  specimen. 
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!.  Proposed  trunnion  fastener  locations  and  loading  frame. 
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